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decomposition rates (Carrera and Bertiller, 2010; Delgado-Baquerizo et al., 2013; Sanaullah et al., 2014 ).
Variation in soil particle-size fractions also exerts significant controls on the 80 stock and turnover of soil organic matter (SOM) (Chen et al., 2010; Christensen, 2001; Qin et al., 2010) and increasing attention has focused upon the responses of C and N pools in different soil particle-size fractions to climate change (Amelung et al., 1998; He et al., 2014) . Clay and silt fractions in soil usually have higher C and N concentrations and stocks than that of sand fraction, and thus soils with higher clay 85 and silt contents generally have higher soil organic C (SOC) and N stocks (Amelung et al., 1998; Feller and Beare, 1997; Follett et al., 2012; Hassink, 1997) . This pattern reflects that organic materials are preferably decayed from pools of coarse soil particles; these relatively C-and N-rich decomposition products tend to accumulate in finer clay and silt particles (Amelung et al., 1998) . Moreover, clay and silt may 90 physically protect organic materials from decomposition and promote the accumulation of recalcitrant material in the fine particle-size fractions of soils (Hassink, 1997; Zhao et al., 2006; Chen and Chiu, 2003) .
To increase our understanding of the variation in both the components of different soil particle-size fractions and their C and N concentrations with increasing 95 aridity at the regional scale, we collected soil samples from 58 sites along a 3000 km transect in northern China which covered a wide range of grassland ecosystems locating at the eastern end of the contiguous Eurasian steppe with distinct aridity gradients. The objectives of this study were to: (1) examine the distribution of C and evaluate the relative contributions of soil fraction components and their element concentrations to the changes of soil C and N stocks across the aridity gradient. We hypothesized that: (1) concentrations and stocks of C and N in soil particle-size fractions would be negatively correlated with increasing aridity; and (2) soil C and N stocks would decline with increasing aridity due to both an increase in the relative 105 proportion of sand to silt and clay and a decrease of C and N concentrations in the three soil fractions.
Materials and methods

Study site and soil sampling
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This study was carried out along a 3000 km west-east transect of arid and semi-arid grasslands across Xinjiang, Gansu, and Inner Mongolian in northern China.
The distinctive features of this transect include complete meteorological records, relatively gentle geographical relief, and light human disturbances (Luo et al., 2015) .
The longitude of the transect ranged from 87°22′E to 123°23′E and the latitude 115 ranged from 39°51′N to 50°3′N. The region is characterized by typical continental climate with limited precipitation occurring mainly in summer (Wang et al. 2015) .
Along the transect, the MAP increased from 34 mm in west region to 436 mm in east region, whereas the MAT ranged from -5 to 11℃. The aridity (calculated as "1-precipitation／evapotranspiration") of this transect ranged from 0.43 to 0.97 and 120 derived from the WorldClim data set (http://www.worldclim.org/) (Hijmans et al., 2005) . The main vegetation types were desert steppe, typical steppe, and meadow steppe from the west to east across the transect, with the primary productivity ranging from <10 g m -2 yr -1 in the desert steppe to >400 g m -2 yr -1 in the meadow steppe, and showing a negative relationship with aridity (Wang et al. 2014 ). The 125 species richness per square meter ranged from 0 (no plants) in the west of the transect to >30 in the east parts (Lü et al. unpublished data) . The soil types were mainly gray-brown desert soil, brown calcic soil, and chestnut soil (Kastanozem soil group) distributed along the transect from west to east (Luo et al. 2016) . The large range of aridity gradients and these distinctive features of this area are facilitated to 130 study the relationships between C and N in grassland soils and climate change.
Fifty-eight sites were set up along the transect at an interval of 50-100 km. The location and elevation of the sampling sites were measured by GPS (eTrex Venture, Garmin, USA). For each site, one large plot (50 m×50 m) was selected and five subplots (1 m×1 m) were designated within the large plot (the four corners and the 135 center of the large plot). In each subplot, five soil samples (0-10 cm) were randomly collected by a 3.0 cm diameter soil corer and then totally mixed them together as one composite sample which was then sieved through a 2.0 mm sieve. All of the soil samples were returned to the lab and then air dried for further analysis. Soil bulk density (BD) was calculated as the ratio of dry soil mass per unit volume of the 140 sampling core (five cores were sampled for each site) and expressed as g cm -3
(Grossman and Reinsch, 2002).
Particle-size fractionation
Particle-size fractionation was completed by disrupting soil aggregates of bulk soil samples using ultrasonic energy and separating the particle-size fractions by a 145 combination of wet sieving and continuous flow centrifugation (Chen and Chiu, 2003; He et al., 2009) . Briefly, 40 g of sieved soil (< 2 mm) was dispersed in 200 ml of deionized water (the floating visible debris was removed) using a probe-type ultrasonic cell disrupter system (scientz-IID) operating for 15 min in the continuous mode at 361 W. We used a sieve to separate sand (particle size, 53-2000 μm) by 150 manual wet sieving method with deionized water. Particles which consisted of silt (2-53 μm) and clay (< 2 μm) passing through the sieve during the wet sieving process were collected. In order to separate slit from clay, the mixture of particles and water was poured into a 500 ml centrifuge bottles and centrifuged at 682 rpm for 5 min. During this procedure, only the silt fraction sinks to the bottom while the clay 155 fraction remains suspended. The silt fraction was then re-suspended in 200 ml deionized water and re-centrifuged at 476 rpm; this procedure was repeated 5 times.
The clay fraction was obtained by transferring the suspensions into new centrifuge bottles and centrifuging them at 4000 rpm for 30 minutes. All the fractions were dried at 50°C and then ground for further chemical analysis. The concentrations of 160 total C and N in the bulk soil and soil particle-size fractions were determined using an automatic element analyzer (Vario MACRO cube, Elementar Analysensysteme GmbH).
Calculations and statistical analysis
Carbon and N stocks (Mg C ha −1 and Mg N ha −1 , respectively) in bulk soils
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(0-10 cm) were calculated as follows:
where D, B, C, and N represent the soil thickness (cm), BD (g cm -3 ), C content (%), and N content (%), respectively.
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Similarly, C and N stocks (Mg C ha −1 and Mg N ha −1 , respectively) in sand, silt, and clay were calculated as follows:
where C (fraction i ) is the C content of the soil fraction (%); N (fraction i ) is the N 175 content of soil fraction (%); F i is the content of the fraction in the soil (%).
All of the relationships between variables were explored by using simple linear regression analyses (58 sites with five subplots as replications in each site). We observed that the relationships were best-fitted by either a first-order equation or a second-order equation. As the contents of sand, silt and clay in soils are not 180 independent of each other, stepwise multiple regression analyses, which are highly conservative (Fornara and Tilman, 2008) , were used to determine the simultaneous effects of soil fraction composition and C and N concentrations in soil particle-size fractions on soil C and N stocks. All analyses were performed using SPSS V13.0 (SPSS, Chicago, IL, USA).
Soil particle-size fractions and BD across the aridity transect
Sand was the most abundant fraction for most sites, accounting for 21.62-90.65% of the total soil weight along the transect. The content of sand was 190 positively correlated with increasing aridity (Fig. 1 ). The silt content, which accounted for 4.19-49.29% of the total soil weight, decreased with increasing aridity (Fig. 1 ). The content of clay was relatively low across the transect, ranging from 1.36-33.7%. There were no significant relationships between clay content and aridity ( Fig. 1 ). Bulk density ranged from 0.90 to 1.72 g cm -3 and was positively correlated 195 with aridity.
C and N concentrations in bulk soil and different soil particle-size fractions
Total C ( (Table 1) .
Across the transect, C and N concentrations in all of the three particle-size fractions were negatively correlated with increasing aridity (Fig. 2) . The total C and N concentrations in the soil particle-size fractions varied greatly among the three soil fractions (Table 1) , with the highest concentrations in clay (36.06±1.49 g C kg -1 and 205 3.90±0.17 g N kg -1 , respectively) and the lowest in sand (5.19±0.56 g C kg -1 and 0.37±0.04 g N kg -1 , respectively) (p < 0.001 in both cases).
3.3 C and N stocks in bulk soil and different soil particle-size fractions 46.16 Mg C ha -1 , while N stock ranged from 0.22 to 4.28 Mg N ha -1 (Table 2) . We found negative correlations between C and N stocks in each soil particle-size fraction and aridity, with the exception of C stocks in sand (y=57.12-161.29x+114.70x 2 , R 2 =0.48, p<0.0001), which first decreased and then increased with increasing aridity (Fig. 3a) . Paralleling this pattern, C stocks in bulk 215 soils first decreased and then slightly increased with increasing aridity, with the lowest value presented in sites with aridity of ~0.8 (y=160.49-371.88x+228.73x 2 , R 2 =0.73, p<0.0001, Fig. 3a ). Nitrogen stocks in bulk soils were negatively correlated with aridity ( Fig. 3b) . Stepwise multiple regression analyses allowed us to quantify the simultaneous effects of soil fraction composition, element concentrations in soil particle-size fractions, and BD on bulk soil C and N stocks. The multiple regression model for C 230 stocks in bulk soils included the variables (Table 3) Across this 3000 km aridity gradient, sand, which accounted for 21.62-90.65%
of the total soil weight, was the most abundant fraction; the contents of silt (4.19-49.29%) and clay (1.36-33.7%) were much lower, especially in soils from the extremely arid sites. We suspect that this pattern is partly caused by the wind erosion and dust storms which can be exacerbated by increasing aridity and frequently occur 250 in higher aridity areas of northern China (Wang et al., 2013; Yan et al., 2013; Zhang and Liu, 2010) . Wind erosion favors losses of fine soil particles and consequently leads to changes of the soil texture (Feng et al., 2001; Wang et al., 2006; Yan et al., 2013) . In arid and semi-arid ecosystems experiencing increasing aridity, soils become more vulnerable to wind erosion because vegetation coverage declines intensified grazing leads to soil degradation by diminishing the fine soil fraction) are of greater importance than parent material and topography in controlling soil type distribution (Barthold et al., 2013) . Therefore, we suspect that those factors associated with climate would be more important than other factors in structuring the pattern of soil particle-size distribution in our study sites.
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Our results showed that C and N concentrations were highest in clay, followed by silt, and much lower in sand across a 3000 km aridity gradient. This pattern, which may be caused because fine fractions in soil have high surface area which can enhance formation of organo-mineral complexes that protect SOM from microbial degradation (Hassink, 1997; Zhang and Liu, 2010) , supports previous findings that 275 soil fractionation is a useful tool for examining different C and N pools in soil (Amelung et al., 1998; Gerzabek et al., 2001; Stemmer et al., 1999) . 
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Supporting our first hypothesis, we found that C and N concentrations and stocks in soil particle-size fractions tended to be negatively correlated with increasing aridity. The higher aridity sites have lower primary productivity (Wang et al., 2014) and thus a lower input of plant detritus into soil. Lower litter input is correlated with lower C and N concentrations and stocks in soil fractions (Yang et al., 290 2011; He et al., 2014) . Additionally, aridity has been identified to be a major factor affecting bacterial diversity, community composition and taxon abundance in this system (Wang et al. 2015) . Therefore, with increasing aridity, microbially-mediated litter decomposition may also change due to altered microbial community composition, which may further influence soil C and N (Carrera and Bertiller, 2010).
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Paralleling our results, He et al. (2014) found that C and N concentrations in soil particle-size fractions were positively correlated with MAP; moreover, they considered that MAP was better than MAT to model the variation of soil C stock in an Inner Mongolia grassland. In the present study, we quantified the relationship between soil C and N stocks and aridity, which combines MAP and MAT, across 300 different sampling sites. Our results suggest that aridity is a robust predictor for the regional variation of C and N stocks in soil fractions.
We found that C stock in sand was first decreased and then increased along the aridity gradient, which seems paradoxical given the results that the C concentrations in sand linearly declined with increasing aridity while the content of sand linearly 305 increased with increasing aridity across the transect. The observed variation of C stock in sand across the transect may be due to the shifts of dominant controller for the C stock in sand across the aridity transect. Sand C concentration appears to be more important than sand content in driving the variation of sand C stock in the ecosystem with aridity value is less than 0.8 (where the C concentration in sand was relatively higher and sand content was relatively lower). In contrast, sand content appears to be more important than C concentration in determining sand C stock when the aridity value exceeds 0.8. Our results highlight the importance of considering both soil particle size and the C concentration of different particles in order to better understand the influence of aridity on soil C pools.
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We found that total C and N concentrations and stocks in bulk soils generally demonstrate that sand content is less important than silt content for controlling variation of soil C stock, whereas silt is less important for the variation of soil N stock at regional scale in the arid and semi-arid grasslands of northern China.
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These findings are somewhat in agreement with previous findings that C is readily mineralized from un-complexed organic matter in sand-sized aggregates whereas N is not, while silt tends to be more enriched in C than N (Christensen,
2001
). We found that clay content and clay element concentrations were the most important factors for predicting the variation of both the soil C and N stocks across 345 this aridity gradient. Similarly, Burke et al. (1989) observed that clay was an important predictor of soil C for American grassland soils. Together, these results indicate differences in the relative importance of different soil particle-size fractions in driving soil C and N stocks, although it is generally accepted that the dynamics of those two elements in soils are closely correlated (Finzi et al., 2011) .
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This large-scale field investigation provides strong evidence that increasing aridity would reduce the soil C and N stocks in arid and semi-arid ecosystems due both to the changes of particle-sized fractions in soils (i.e. relatively more coarse fraction content, but less fine fraction content with increasing aridity) and to the insights into the patterns underlying regional changes of soil C and N from a soil particle-size fractions perspective. Given the predicted increases in aridity in this century for the global drylands (Dai, 2013) , this study indicates that the soil C and N pools in those arid ecosystems may decline in the future. Because wind erosion would lead to greater loss of relatively fine silt and clay particles (Yan et al., 2013) ,
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our results suggest that land use practices which reduce wind erosion (e.g. reducing the intensity of grazing) will play an important role in sustaining soil C sequestration in dryland regions globally.
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Along the transect, aridity was an important factor driving the changes of soil C and N concentrations and stocks in the arid and semi-arid grasslands. Both of the C and N concentrations and stocks in the three particle-size fractions as well as in bulk soils tended to be negatively correlated with aridity. The concentrations and stocks of C and N in bulk soils were negatively correlated with sand content but positively Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., and Jarvis, A.: Very high resolution interpolated climate surfaces for global land areas, Int. J. Climatol., 25, 1965 Climatol., 25, -1978 Climatol., 25, , 2005 . J., and Townsend, A. R.: Climatic, edaphic, and biotic controls over storage and turnover of carbon in soils, Global Biogeochem. Cy., 8, 279-293, 1994 . Table 3 Results of the multiple regressions refer to the final accepted model which just included 535 the effects of the significant variables for C stocks in bulk soils of arid and semi-arid grasslands Table 4 Results of the multiple regressions refer to the final accepted model which just included the effects of the significant variables for N stocks in bulk soils of arid and semi-arid grasslands 
